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Edited by Lukas HuberAbstract Given the importance of inositol 1,4,5-trisphosphate
receptor (IP3R)/Ca
2+ channels in the control of intracellular
Ca2+ concentrations, we determined the relative concentrations
of the IP3R isoforms in subcellular organelles, based on serially
sectioned electron micrographs. The endoplasmic reticulum (ER)
was estimated to contain 15–20% of each of the three IP3R iso-
forms while secretory granules contained 58–69%. The nucleus
contained 15% each of IP3R-1 and -2, but 25% of IP3R-3,
whereas the plasma membrane contained 1% or less of each.
These suggested that secretory granules, the nucleus and ER
are at the center of IP3-dependent intracellular Ca
2+ control
mechanisms in chromaﬃn cells.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The inositol 1,4,5-trisphosphate receptor (IP3R)/Ca
2+ chan-
nel is the major Ca2+ channel through which intracellular Ca2+
is sequestered and released in the cell (reviewed in [1]), and it
has been shown to exist in the endoplasmic reticulum (ER)
[2,3], nuclear and plasma membranes [4–9], and secretory gran-
ules [10–13]. In the case of the nucleus the IP3Rs have been
thought to be present in the nuclear envelope (NE) [7,14,15]
and the NE invaginations into the nucleoplasm, called nucleo-
plasmic reticulum [16,17]. However, all three IP3R isoforms
(IP3R-1, -2, and -3) were shown recently to localize widely in
the nucleoplasm proper, localizing in both the heterochroma-
tin and euchromatin regions [18], thus strongly suggesting
the possibility that the nucleus also functions as an IP3-sensi-
tive Ca2+ store in its own right.
In non-secretory cells, the ER has been shown as the major
intracellular Ca2+ store, containing 3 mM Ca2+ [3,19,20].
However, in secretoy cells, i.e., neurons, exo/endocrine cells,
and neuroendocrine cells, that does not appear to be the case.Abbreviations: IP3R, inositol 1,4,5-trisphosphate receptor; NE, nuclear
envelope; ER, endoplasmic reticulum
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chromaﬃn cells contain 40 mM Ca2+ [21,22] and store 60%
of all the calcium in the cell [23]. The remaining 40% of the cel-
lular calcium is distributed among the ER, nucleus, mitochon-
dria, and cytoplasm. Given that the Ca2+ stored in the ER,
secretory granules and nucleus are released into the cytoplasm
in response to IP3 through the IP3R/Ca
2+ channels, the
amount of IP3R/Ca
2+ channels present in these organelles
and the sensitivity of these Ca2+ channels to IP3 will directly
inﬂuence the amount of Ca2+ released from these organelles
in response to IP3. In addition, the amount of calcium stored
in each organelle will also contribute to the amount of Ca2+ re-
leased.
Despite the apparent importance of the IP3R/Ca
2+ chan-
nels present in the ER, secretory granules, and the nucleus
in the control of intracellular Ca2+ concentrations, no infor-
mation is available regarding the concentrations of the IP3R/
Ca2+ channels in subcellular organelles of secretory cells.
Therefore, it became of considerable importance to investi-
gate the concentrations of IP3Rs in these organelles. This
is particularly so considering that diﬀerent cells or subcellu-
lar organelles express diﬀerent amounts of IP3R isoforms
and each IP3R isoform shows diﬀerent response to IP3 [1].
We have hence determined the relative concentrations of
each of the three IP3R isoforms in secretory granules, the ER,
nucleus and the plasma membrane of adrenal chromaﬃn
cells.
For this purpose, we have analyzed the serial sections of 23
representative bovine chromaﬃn cells, 27–30 serial sections per
cell, using 3D-image reconstruction method, and determined
not only the volumes occupied by secretory granules, the ER
and nucleus in each cell but also the concentrations of IP3Rs
in each organelle. Through these eﬀorts the 3D-images of
chromaﬃn cells that contain the nucleus were obtained, and
both the relative concentrations and distribution proﬁle of
each IP3R isoform in the subcellular organelles were also
determined.2. Materials and methods
2.1. Antibodies
IP3R peptides speciﬁc to terminal 10–13 amino acids of type 1
(HPPHMNVNPQQPA), type 2 (SNTPHENHHMPPA) and type 3
(FVDVQNCMSR) were synthesized with a carboxy-terminal cysteine
and anti-rabbit polyclonal antibodies were raised. The polyclonal anti-
rabbit antibodies were aﬃnity puriﬁed on each immobilized peptide
following the procedure described [10], and the speciﬁcity of each anti-
body was conﬁrmed [13].blished by Elsevier B.V. All rights reserved.
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sectioned bovine chromaﬃn cells
For immunogold electron microscopic study of chromaﬃn cells, tis-
sue samples from bovine adrenal medulla were ﬁxed for 2 h at 4 C in
PBS containing 0.1% glutaraldehyde, 4% paraformaldehyde, and 3.5%
sucrose. After three washes in PBS, the tissues were postﬁxed with 1%
osmium tetroxide on ice for 2 h, washed three times, and stained en
block with 0.5% uranyl acetate, all in PBS. The tissues were then
embedded in Epon 812 after dehydration in an ethanol series. A ribbon
of 120–140 consecutive serial sections in 70-nm thickness was made
from the embedded tissue and placed on the surface of water. The rib-
bon was then manipulated so that 6–7 sections/grid were successively
picked up on Formvar/carbon-coated nickel grids. As the ribbon was
picked up, the region of interest was carefully positioned so that it
was located over the grid openings and not on a grid bar. For immu-
nogold labeling, the serial sections that had been transferred to grids
were processed as described previously [18]. Controls for the speciﬁcity
of IP3R immunogold labeling included (1) omitting the primary anti-
body, and (2) replacing the primary antibody with preimmune serum.
After washes in PBS and deionized water, the grids were stained with
uranyl acetate (7 min) and lead citrate (2 min), and were viewed with a
Zeiss EM912 electron microscope.
2.3. 3D-image construction
For 3D reconstruction of chromaﬃn cells, every 4–5 sections, repre-
senting one section per every 400–500 nm of cytoplasm of a bovine
chromaﬃn cell, was chosen from 120 to 140 consecutive serial sectionsFig. 1. An electron micrograph showing a central section of a chromaﬃn cel
R-1-labeling gold particles. Bovine adrenal medullary chromaﬃn cells were s
gold particles. (A) The electron micrograph of one of the central sections of a
white square box in the middle delineates the boundary of the section show
electron micrograph shown in (A) is shown here in higher magniﬁcation. The
shown, along with the IP3R-1-labeling gold particles (some of them are in
micrograph shown in (A). Secretory granules are shown in red spheres while m
respectively. The yellow dots shown in the line drawing represent the IP3R
shown in (A), but are clearly visible in higher magniﬁcation pictures as show
software (Apple Computer Co.). Bar = 2 lm.per cell, and the resulting 27–30 serial TEM images were used in
reconstructing the 3D image of each cell. As a ﬁrst step to reconstruct
3D-images of chromaﬃn cells, we have drawn the line images of chro-
maﬃn cells including the subcellular organelles (cf. Figs. 1C, 2C, and
3C), based on the EM picture of each section. The outlines of the struc-
tures of interest were manually traced and transformed into digitized
form. Following the z-axis alignment of the digitized 27–30 image
stacks, the 3D reconstruction of digitized contours obtained was ren-
dered by using a 3Dmax 6.0 software (Discreet Logic Inc., Canada).
After smoothing the surface contours, we were able to reconstruct
the complete 3D images of a whole cell including the nucleus. All mea-
surements were carried out with the electron micrographs printed at a
ﬁnal magniﬁcation of 15000· from ﬁlms that had been pictured at
3500–4000·.3. Results
3.1. 3D-image of the chromaﬃn cell
The 27–30 line images from each cell (Figs. 1C, 2C, and 3C)
were serially stacked up to obtain a rough see-through 3D im-
age of a whole chromaﬃn cell. Despite the common use of
tomography in obtaining 3D images of cells or limited number
of subcellular organelles, it proved extremely impractical to
use tomography in obtaining the 3D shapes of 24000l from the serially sectioned micrographs that were treated with the IP3
erially sectioned and each section was treated with the IP3R-1-labeling
cell is shown, and the plasma membrane is marked with white dots. The
n in (B). Bar = 2 lm. (B) The white square box in the middle of the
nucleus (Nu), ER, mitochondria (M), and secretory granules (SG) are
dicated by arrows). Bar = 0.5 lm. (C) A line drawing of the electron
itochondria and the ER are shown in blue capsules and green ribbons,
-1-labeling gold particles that are invisible in the electron micrograph
n in (B). The brightness of yellow color was enhanced using Shake 2.5
Fig. 2. An electron micrograph showing a central section of a chromaﬃn cell from the serially sectioned micrographs that were treated with the IP3
R-2-labeling gold particles. Bovine adrenal medullary chromaﬃn cells were serially sectioned and each section was treated with the IP3R-2-labeling
gold particles. (A) The electron micrograph of one of the central sections of a cell is shown. (B) The white square box in the middle of the electron
micrograph shown in (A) is shown here in higher magniﬁcation. (C) A line drawing of the electron micrograph shown in (A). The rest are the same as
Fig. 1.
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cell. Hence we opted to use the line drawings instead to obtain
not only the volumes occupied by the subcellular organelles
but also the number of secretory granules in a cell.
To determine the distribution proﬁle of IP3Rs present in
these cells, 23 whole bovine adrenal medullary chromaﬃn cells
were serially sectioned, 27–30 serial sections per cell, from one
end of the cell to the other end (Figs. 1A, 2A, and 3A), and
these serial sections were also treated with the IP3R-labeling
gold particles for immunogold electron microscopy (Figs. 1B,
2B, and 3B). Unlike results obtained from a limited number
of random sections of the same cell, present results obtained
from 23 cells with 27–30 serial sections per cell allowed us
to obtain not only the 3D-reconstruction of chromaﬃn cells
including secretory granules, the ER, mitochondria, and the
nucleus (Fig. 4), but also the relative concentrations of IP3Rs
in each organelle.
The shape and size of the cell and the nucleus were not uni-
form and diﬀered from cell to cell. Reﬂecting diﬀerent shapes
and sizes of the cells, the cell volumes as well as the volumes
occupied by each organelle varied greatly. 2D images of the se-
rial sections from which the 3D images are generated were ob-
tained from every section of the cell.3.2. Volume of each organelle
To determine the volumes occupied by each organelle in the
cell, the areas occupied by each organelle were measured in
relation to the areas occupied by the whole cell from all 27–
30 serial EM images, and this was repeated for all of the 23
cells. The sum of the areas of each organelle was then divided
by that of total cell to estimate the percentage of volume occu-
pied by each organelle. Since the areas of each organelle were
measured from all 23 cells, with 27–30 serial EM images per
cell, the percentages obtained for each organelle will accurately
reﬂect the actual volume occupied by these organelles in the
cell. We have thus estimated that the nucleus occupy
16.7 ± 3.8% (mean ± S.D., n = 23) of the cell volume while
secretory granules occupy 20.5 ± 5.2%. The ER was estimated
to occupy 14.2 ± 3.5% of the cell volume whereas the mito-
chondria and plasma membrane occupied 2.9 ± 1.2% and
<1%, respectively.
3.3. Distribution and concentration of IP3Rs
To determine the relative concentrations of the IP3R iso-
forms in each organelle, each IP3R isoform-labeling immuno-
gold EM study was carried out using all the serial sections of 5
chromaﬃn cells each. The gold particles found in each
Fig. 3. An electron micrograph showing a central section of a chromaﬃn cell from the serially sectioned micrographs that were treated with the IP3
R-3-labeling gold particles. Bovine adrenal medullary chromaﬃn cells were serially sectioned and each section was treated with the IP3R-3-labeling
gold particles. (A) The electron micrograph of one of the central sections of a cell is shown. (B) The white square box in the middle of the electron
micrograph shown in (A) is shown here in higher magniﬁcation. (C) A line drawing of the electron micrograph shown in (A). The rest are the same as
Fig. 1.
Fig. 4. 3D images of a chromaﬃn cell. The line drawings of all the serial sections of a cell were stacked up and the outlines were connected to produce
a complete 3D image of a bovine chromaﬃn cell. 3D views of a bovine chromaﬃn cell that had been produced from 30 electron micrographs, one of
which is shown in Fig. 1A, are shown. 3D images of a chromaﬃn cell including the nucleus (A), and the nucleus, ER, secretory granules and
mitochondria (B) are shown. Secretory granules are shown in red spheres while mitochondria and the ER are shown in blue capsules and green
ribbons, respectively.
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and the area of each organelle from all these sections was
summed to obtain the total number of each IP3R isoform-
labeling gold particles and the total area of each organelle(Tables 1–3). Taking the cell volume of each organelle and
the number of gold particles found in each unit area into con-
sideration, the relative concentrations of the IP3R isoforms in
each organelle were estimated.
Table 1
Distribution of the IP3R-1 in bovine adrenal medullary chromaﬃn cells
a
% Cell volume Number of gold
particlesa/area viewed
(lm2)
Gold particles
(lm2)
Relative
concentration
Weighted total
amount
% of
total
Nucleus 16.7% 8615/1382 6.2 1 16.7 14.9
Endoplasmic reticulum 14.2% 7081/977 7.2 1.20 17.0 15.2
Secretory granule 20.5% 43507/2195 19.8 3.77 77.4 69.3
Plasma membrane <1% 396/87 4.7 0.65 <0.6 <0.6
Mitochondria 2.9% 285/222 1.3 NAb NA NA
aFive cells from three diﬀerent tissue preparations were used.
bNA, not applicable.
Table 2
Distribution of the IP3R-2 in bovine adrenal medullary chromaﬃn cells
a
% Cell volume Number of gold
particlesa/area viewed
(lm2)
Gold particles
(lm2)
Relative
concentration
Weighted total
amount
% of
total
Nucleus 16.7% 9816/1581 6.2 1 16.7 15.1
Endoplasmic reticulum 14.2% 13962/1653 8.4 1.55 21.9 19.8
Sectory granule 20.5% 37314/2182 17.1 3.48 71.3 64.3
Plasma membrane <1% 619/105 5.9 0.93 0.9 <0.8
Mitochondria 2.9% 507/276 1.8 NAb NA NA
aFive cells from three diﬀerent tissue preparations were used.
bNA, not applicable.
Table 3
Distribution of the IP3R-3 in bovine adrenal medullary chromaﬃn cells
a
% Cell volume Number of gold
particlesa/area viewed
(lm2)
Gold particles
(lm2)
Relative
concentration
Weighted total
amount
% of
total
Nucleus 16.7% 13240/1575 8.4 1 16.7 25.2
Endoplasmic reticulum 14.2% 10394/1608 6.5 0.74 10.5 15.9
Secretory granule 20.5% 30668/2085 14.7 1.88 38.5 58.1
Plasma membrane <1% 464/93 5.0 0.53 0.5 <0.8
Mitochondria 2.9% 348/295 1.2 NAb NA NA
aFive cells from three diﬀerent tissue preparations were used.
bNA, not applicable.
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chromaﬃn cells (27–30 electron micrographs/cell) were exam-
ined for the IP3R-1 amount in each organelle, and the amount
of IP3R-1 in the nucleus and ER was estimated to account for
14.9% and 15.2% of total cellular IP3R-1, respectively, while
that in secretory granules accounted for 69.3% (Table 1).
The IP3R-1 in the plasma membrane appeared to account
for 1% or less of all cellular IP3R-1. But the IP3R-1 was ab-
sent in the mitochondria as reported before [13]. The relative
concentration of the IP3R-1 was highest in secretory granules,
3–4-fold higher than that of either the nucleus or ER.
For the analysis of IP3R-2, and -3, a total of 150 electron
micrographs each were examined. Analogous to the IP3R-1,
the IP3R-2 in the nucleus and ER was estimated to account
for 15.1% and 19.8% of all cellular IP3R-2, respectively, while
that in secretory granules represented 64.3% (Table 2). Again,
the relative concentration of the IP3R-2 in secretory granules
was 2–3.5-fold higher than that of either the nucleus or ER.
However, the distribution and relative concentration of the
IP3R-3 were signiﬁcantly diﬀerent from those of both IP3R-1
and -2 (Table 3). Although secretory granules still contained
the highest relative concentration and the largest amount of
the IP3R-3, containing 58.1% of all cellular IP3R-3, the relativeconcentration of IP3R-3 in the nucleus was higher than that of
the ER. The IP3R-3 in the nucleus represented 25.2% of the to-
tal IP3R-3, which was 10% higher than that of the ER (Table
3). Again, the IP3R-2 and -3 in the plasma membrane appeared
to represent 1% or less of all cellular IP3R-2 and -3, respec-
tively, but were absent in the mitochondria.4. Discussion
In light of the importance of the IP3R/Ca
2+ channels in the
control of intracellular Ca2+ concentrations, we carried out a
thorough analysis of the localization and relative concentra-
tions of all three isoforms of the IP3R in subcellular organelles
of chromaﬃn cells (Tables 1–3). Since it was necessary to have
a complete 3D picture of chromaﬃn cells including the subcel-
lular organelles, with regard to the size, location, and number
of these organelles, in order to determine accurate relative con-
centrations and distribution proﬁle of the IP3Rs, we have ob-
tained 3D structures of chromaﬃn cells including the
subcellular organelles (Fig. 4).
Based on the 680 electron micrographs from 23 cells, repre-
senting various areas of the adrenal medulla, we obtained 3D
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study (Fig. 4). Detailed measurements of 27–30 electron micro-
graphs per cell allowed us to estimate the cell volumes occu-
pied by each organelle. From the 3D images the total
volume of chromaﬃn cells was calculated to be
1998 ± 496 lm3 (mean ± S.D., n = 23). Since the size of each
chromaﬃn cell varied greatly, so did the cell volume. Similarly,
even the nucleus did not occupy a constant volume in the cell;
its volume ranged from 10.8% to 25.1% of the cell, with an
average volume of 16.7%. The volumes occupied by secretory
granules also varied from 11.1% to 27.8% of the total cell vol-
ume, with an average volume of 20.5%.
Taking the cell volumes of these organelles and the relative
concentrations of IP3Rs into consideration, the ER was esti-
mated to contain 15–20% of each of the three cellular IP3R
isoforms while secretory granules contained 58–69% of each
cellular IP3R isoform (Tables 1–3). In light of the presence of
the IP3Rs in the plasma membrane at 1% or less, it appeared
that almost all of the cellular IP3Rs are in the nucleus, ER, and
secretory granules although the Golgi complex also appeared
to contain a very small amount of IP3Rs. Analogous to the
IP3Rs in the ER, the nucleus also contained 15% of cellular
IP3R-1 and -2 (Tables 1 and 2). However, in the case of IP3R-
3, the nucleus contained not only a higher concentration but
also a signiﬁcantly larger total amount of the IP3R-3 than
the ER (Table 3). The IP3R-1 and -2 concentrations in the
nucleus were 26–28% those of secretory granules, but the
IP3R-3 concentration in the nucleus increased to 53% that
of secretory granules. Further, the nucleus contained 25%
of total cellular IP3R-3, a strong suggestion that the IP3R-3
might play more prominent roles than IP3R-1 or -2 in the nu-
cleus. In contrast, the IP3Rs localized in the plasma membrane
appeared to account for <1% of cellular IP3Rs. These results
hence indicate that the IP3-dependent intracellular Ca
2+ mobi-
lization in chromaﬃn cells is controlled primarily by three
organelles, i.e., secretory granules, the nucleus and ER.
Further, in view of the high capacity Ca2+ storage property
and the IP3R/Ca
2+ channel activating roles of chromogranins
[24–26], selective localization of chromogranins in secretory
granules, the nucleus and ER suggests the importance of these
organelles in the control of intracellular Ca2+ concentration.
Chromogranins A and B interact with the IP3Rs directly [27]
and this interaction was shown to change the properties of
the IP3R/Ca
2+ channel signiﬁcantly [24–26]. Chromogranin
A increased the mean open time and the open probability of
the IP3R/Ca
2+ channel 12-fold and 9-fold, respectively, in the
coupled state [25]. Similarly, chromogranin B (CGB) also in-
creased the mean open time and the open probability of the
IP3R/Ca
2+ channel 42-fold and 16-fold, respectively [26].
These results in turn suggest that the organelles with the
most CGB are likely to function as the most active participant
in the IP3-dependent intracellular Ca
2+ control mechanism. Of
the organelles that contain CGB, secretory granules and the
ER have been shown to be active participants in the IP3-depen-
dent intracellular Ca2+ control mechanism. Using neuronally
diﬀerentiated PC12 cells it has recently been shown that cou-
pling of CGB or CGA/CGB mixture to the IP3R/Ca
2+ channel
in the ER is a necessary component for IP3-dependent Ca
2+ re-
lease mechanism in the ER [28]. This result suggested that the
IP3R-chromogranin complex in the ER functions as major
components of a basic functional IP3R/Ca
2+ channel unit.
Analogous to the IP3R-chromogranin complex in the ER, itappeared therefore highly likely that the IP3R-CGB complex
also functions as a basic functional Ca2+ channel unit in the
nucleus given that the nucleus also contain the IP3Rs [18]
and CGB [29].
The discovery of the presence of CGB and the IP3Rs in the
nucleus is only a recent development. Although the IP3R/Ca
2+
channels have been shown to be present in the NE and in the
invaginated structures of the NE, called nucleoplasmic reticu-
lum [16,17], and those IP3R/Ca
2+ channels are considered to be
responsible for the IP3-mediated Ca
2+ release from the nucleus
[7,14,15,17], the IP3Rs shown in the present results are clearly
diﬀerent from those in the NE or nucleoplasmic reticulum. All
three IP3R isoforms also localized widely in the nucleoplasm
proper, localizing in both the heterochromatin and euchroma-
tin regions of neuroendocrine as well as non-neuroendocrine
cells [18]. Furthermore, our preliminary results showed that
all three IP3R isoforms co-localize with CGB in distinct nucle-
oplasmic vesicular structures that contain phospholipids (Yoo,
S.H. et al., manuscript in preparation), suggesting the possibil-
ity of the presence of IP3-dependent nucleoplasmic Ca
2+ store.
Taken together, the amount of IP3Rs in these organelles is
likely to indicate the relative contribution of each organelle
in the control of intracellular Ca2+ concentration. In this re-
spect, present results not only highlight the intracellular organ-
elles that could play major roles in IP3-dependent Ca
2+ control
mechanisms in the cell, but also provide the molecular basis for
the IP3-dependent Ca
2+ store roles of each organelle. In partic-
ular, the high Ca2+ and IP3R concentrations in the nucleus
clearly point to the hitherto under-appreciated potential signif-
icance of the IP3-dependent Ca
2+ mobilization in the control of
many nuclear activities.
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